C orrect mechanical instrumentation of the root canal must result in a continuously tapered funnel-shaped canal that corresponds to the original canal anatomy. This is often difficult to achieve considering the complex internal morphology of curved root canals. Iatrogenic preparation errors of curved canals can result in apical canal transportation, uncentered preparations, ledge formation, or perforation (1) .
Canal transportation is a sustained deviation from the original axis of the canal during root canal instrumentation. Apical canal transportation is the removal of the canal wall structure on the outside curve in the apical half of the canal because of the tendency of files to restore themselves to their original linear shape during canal preparation (2). The importance of maintaining preparations that are centered and correspond to the original canal anatomy has been shown (3, 4) .
Glide path preparation (GPP) allows for more effective and safer rotary shaping because it guarantees that the root canal diameter is sufficiently large to receive the first shaping instrument (5, 6) . A number of studies have shown the many benefits of glide path formation, which include decreased canal aberrations and a decreased risk of shaping file fracture (5-7). The ProGlider (PG; Dentsply Sirona, Ballaigues, Switzerland) is a single mechanical glide path file manufactured using M-Wire. It has a square cross section with a diameter of 0.16 mm at D0 and is progressively tapered from 2%-8% over its length. The One G (OG) instrument (Micro-Mega, Besançon, France) is a single glide path file system with a 3% taper, a diameter of 0.14 mm at D0, and 3 cutting edges situated on 3 different radii relative to the canal axis.
Root canal study modalities like micro-computed tomographic (micro-CT) imaging permits detailed and nondestructive 2-and 3-dimensional evaluation of root canal geometry (8) (9) (10) . Accompanying accurate measurement software allows matching multidimensional data from specimens before and after GPP and shaping (11) .
One Shape (OS, Micro-Mega) is a single-file nickel-titanium (NiTi) rotary shaping system made of conventional austenite NiTi. It has a tip size of 25, a constant taper of 6%, and is characterized by different cross-sectional designs over the entire length of the working part (12) . The ProTaper NEXT (PTN) System (Denstply Sirona), which is manufactured from M-Wire, consists of 5 instruments: X1 (17.04), X2 (25.06), X3 (30.07), X4 (40.06), and X5 (50.06), which are all characterized by a rotational phenomenon known as "precession" or "swagger" (13) . According to the manufacturer, most canals can be prepared using only the first 2 files. The WaveOne Gold (WOG) file system (Dentsply Sirona), which is manufactured from a heat-treated gold metal alloy (ie, Gold wire), exhibits a unique alternating off-centered parallelogram-shaped cross section design with two 85 cutting edges (14) . The WOG file, like its predecessor WaveOne (Dentsply Sirona), is used in a reciprocation motion and has a counterclockwise engaging angle of 150 and a clockwise disengaging angle of 30 . The broad aim of this ex vivo study was to evaluate the root canal shaping effect of instruments manufactured from NiTi, M-Wire, and Gold wire using different GPP techniques and micro-CT scanning in curved mesiobuccal root canals of extracted human first maxillary molars. The null hypothesis was that there would be no differences among the groups in canal transportation, centering ability, and changes in canal volume after GPP and shaping of curved root canals.
Materials and Methods

Specimen Preparation
One hundred thirty-five extracted maxillary first molars with curved mesiobuccal root canals presenting with 1 or 2 separate mesiobuccal canals were selected from a group of 160 prescanned teeth using the XTH 225 ST microfocus X-ray computed tomographic system (Nikon Metrology, Leuven, Belgium). The micro-CT system was used at settings of 100 kV, 100 mA, and an isotropic resolution of 22 mm. The roots of the teeth were coupled in a polystyrene platform (2.5 Â 2.5 Â 2.5 cm) in which they were aligned perpendicular to the scanning beam. Only first mesiobuccal root canals with curvatures between 25 and 35 and radii of less than 10 mm were selected, as determined by the Schneider method (15) . VGStudioMax visualization software (Volume Graphics GmbH, Heidelberg, Germany) was used to confirm these curvatures. After access cavity preparation, the working length was determined by subtracting 0.5 mm from the length of the canal measured to the major apical terminus under 10Â magnification. The mesial canals were explored with a size 08 K-file (KF), and canals were negotiated to patency. The specimens were coded and randomly divided into 3 equal experimental groups (n = 45) for GPP.
GPP
GPP was performed by a single operator in strict accordance with the manufacturers' recommendations for each system. All of the rotary glide path files were operated by a 16:1 gear reduction handpiece powered by the X.Smart Plus endodontic motor (Dentsply Sirona). RC Prep (Premier, Plymouth Meeting, PA) was used as a lubricating agent, and 3% sodium hypochlorite was used for canal irrigation.
The groups were as follows: 
Root Canal Shaping
The specimens of each glide path group were randomly assigned to 3 equal groups of 15 canals each for root canal shaping. Each glide path specimen group was randomly assigned to 3 equal groups (n = 15), resulting in 9 glide path/shaping groups: KF/OS, KF/PTN, KF/WOG, OG/OS, OG/PTN, OG/WOG, PG/OS, PG/PTN, and PG/WOG. After canal preparation with the shaping instruments, all of the specimens were scanned again to generate a canal shaping scan for each specimen.
The 3-dimensional images obtained before instrumentation and after GPP and canal preparation were reconstructed and interpreted in VGStudioMax software. The polystyrene specimen holder ensured that the teeth could be placed in the same position before and after instrumentation. In addition, the pre-and postpreparation images were coregistered using automated image registration.
Image Analysis
The method described by Gambill et al (16) was used to measure canal transportation and centering. Canal transportation and centering ratios were evaluated after shaping the root canals with the preparation instruments ( Fig. 1A and B) .
The shortest distance from the prepared canal to the mesial or distal wall of the tooth at 3 different levels from the root apex was measured. Canal transportation and centering ratio values were measured at 3 different lengths from the anatomic apex of the mesiobuccal root canals. Cross sections at levels 2 mm (apical), 5 mm (midroot), and 9 mm (coronal) were evaluated according to the following equations ( Fig. 2A-F 
Canal transportation = (M1 À M2) À (D1 À D2) (a value closest to 0 indicates no transportation; the higher the value, the greater the transportation) and canal centering ratio
where (M1 À M1) > (D1 À D2) (a value/ratio closest to 1 indicates perfect centering ability), where M1 is the shortest distance from the mesial margin of the tooth measured to the mesial margin of the uninstrumented canal, M2 is the shortest distance from the mesial margin of the tooth measured to the mesial margin of the instrumented canal, D1 is the shortest distance from the distal margin of the tooth measured to the distal margin of the uninstrumented canal, and D2 is the shortest distance from the distal margin of the tooth measured to the distal margin of the instrumented canal.
Canal transportation and centering ratios were evaluated after final preparation with the shaping instruments. All micro-CT measurements were calculated by a skilled third-party operator to avoid bias but were validated by an experienced clinician. Data were recorded on a Microsoft Excel (Microsoft Corp, Redmond, WA) spreadsheet and verified. Before GPP and after canal instrumentation with the shaping instruments, the mesiobuccal canals of each specimen were traced, and the total volume was measured. The volume of removed dentin in cubic millimeters was determined for each root canal by subtracting, first, the preinstrumentation canal volume from the glide path volume and, second, the preinstrumentation canal volume from the canal instrumentation volume (17) .
Statistical Analysis
Statistical analysis of the canal transportation and centering ratio values was performed using 1-way analysis of variance. Volume changes data showed a nonparametric distribution, and the Kruskal-Wallis H test was used to compare the groups. The statistical significance level was set at P < .05. Tables 1 and 2 show the mean and standard deviation values of the centering ability ratios and canal transportation at the 3different levels for the different groups, respectively. After shaping, the highest statistically significant apical canal transportation values were exhibited by KF/ OS followed by KF/PTN compared with the other groups (P < .05). The lowest apical canal transportation value was exhibited by PG/WOG, which was only statistically significantly lower than KF/OS, KF/PTN, and OG/PTN (P < .05).
Results
Canal Transportation and Centering Ratio
At the midroot level, canal transportation was significantly higher for KF/PTN (P < .05) than all the other groups, except KF/OS and OG/ OS, which were statistically similar (P > .05). PG/WOG showed the lowest apical canal transportation value but was only statistically significantly less than KF/OS, KF/PTN, and OG/OS (P < .05).
Coronal canal transportation after canal shaping was statistically significantly highest for KF/PTN compared with the other groups (P < .05), except for KF/OS. Again, the lowest apical canal transportation value was exhibited by PG/WOG but was only statistically significantly lower than KF/OS and KF/PTN (P < .05). No statistically significant difference was found in the mean centering ratios at the apical, midroot, and coronal levels of the various glide path groups in combination with the shaping instruments (P > .05). Table 3 depicts the mean and standard deviation values of the volume of removed dentin for each group after canal preparation. The 3 groups shaped with PTN exhibited the highest volume of dentin removed, with the highest displayed by the PG/PTN group. This was statistically significantly different from PG/WOG (P <. 05), which displayed the lowest mean volume of removed dentin.
Discussion
The mean canal transportation and centering ability values of the glide path and shaping instruments in this study were compared at levels 2 mm (apical), 5 mm (midroot), and 9 mm (coronal) from the Basic Research-Technology anatomic apex of the tooth. These areas were chosen because they are particularly vulnerable to iatrogenic mishaps, especially in canals that are curved (16, 18) . In the present study, no significant differences in the centering ability of the shaping groups were found in the apical, middle, and coronal thirds of the canals.
Canal transportation appears to have been influenced by GPP when OS and PTN were used after KF at the apical, midroot, and coronal levels. KF/OS and KF/PTN showed significantly high transportation values at these levels. WOG displayed consistently low transportation values at all levels regardless of the glide path technique used. At the midroot level, PTN demonstrated significantly high transportation values irrespective of the glide path technique used. Midroot transportation results were also significantly high for OS, except when it was used after PG. At all levels, PG/WOG showed the lowest transportation values. The significant difference between the WOG groups and the 2 other shaping instruments can be explained by differences in working motion, cross-sectional design, and metallurgy. Adequate shaping ability of contemporary reciprocating files while preserving the original canal shape is a result of the interplay of 3 main factors: the reciprocation kinematics, the file cross section, and the alloy type (19, 20) . The endodontic files included in this study have different cross sections, diameters, tapers, alloy types, and tip designs and are used in either a rotary or reciprocating motion. The cross section of OS represents 3 cutting edges, whereas the middle of the cross-sectional design progressively changes from a 3 cutting edge design to 2 cutting edges. This asymmetric cross section geometry of the file generates traveling waves of motion along the active part of the file that facilitates shaping without removal of excess amounts of dentin (20) . PTN has an off-centered rectangular cross-sectional design that allows for removal of debris in a coronal direction, allowing for more space around the flutes of the instrument and leading to improved cutting efficiency through continuous contact of the blades with the surrounding dentin walls (13) . WOG instruments have an alternating off-centered parallelogram-shaped cross-sectional design with two 85 cutting edges that limit engagement between the file and dentin to only 1 or 2 points of contact at any given cross section. The cross-sectional design of WOG, modified from the design of its predecessor, is said to increase flexibility (21) . It is worth noting that OS instruments are made of a conventional austenite 55-NiTi alloy, and PTN instruments are made of an M-Wire alloy. The most important modification from WaveOne to WOG is the change from M-Wire to Gold wire (22) . Gold wire technology is based on heating the file and then slowly cooling it, whereas M-Wire technology involves heat treatment before production. The manufacturer claims that the flexibility of files is improved by this new heat treatment method (23) .
A recent study examined the centering ability and transportation of WOG after various GPP techniques and without any GPP. These researchers found no statistically significant difference in the mean combined centering ratios or transportation values after WOG was used after no GPP or any of the various GPP groups; they concluded that the Primary WOG instrument was not influenced by the different glide path/no glide path techniques (24) . A similar study using a single-file reciprocating system, Reciproc (VDW GmbH, Munich, Germany), also found no statistically significant difference between no glide path and various glide path groups in combination with this file (25) . Various studies have shown that reciprocating file systems cause less transportation and maintain the original canal contour better than continuously rotating systems (26, 27) . According to studies by Berutti et al (28) and Franco et al (27) , this is particularly evident in the apical third where files used in a reciprocating motion exhibited more centralized preparations than those used in continuous rotation. WaveOne and Reciproc instruments showed significantly less canal straightening and apical transportation than OS in a study by Saber et al (29) . These researchers attributed the results to the reciprocating motion of WaveOne and Reciproc compared with the continuous rotation of OS.
In the present study, the final shaping size for all shaping systems was ISO 25 with taper sizes of 6% for OS, 6% for PTN, and 7% for WOG. Despite the final taper size, the transportation values and coronal centering ratios were consistently favorable for the WOG groups. The increased canal volume after GPP was statistically similar for the 3 groups. These findings are in keeping with those of another study that reported similar volume increases during glide path management with PathFiles and the PG instrument (30) . The PG/WOG group showed the lowest mean volume of removed dentin, and the PG/PTN group recorded the highest change in canal volume. High changes in canal volume were observed for all of the PTN groups, most significantly after GPP with OG and PG. These results contrast with 2 other studies that showed superior preservation of canal anatomy after using PTN (31, 32) . The results of the current study could be attributed to the flexibility of the PTN M-Wire alloy, its off-centered rectangular cross section, or the swaggering motion during instrument rotation (31, 33) . This feature has been suspected of dramatically changing the instrument's envelope of motion, thereby increasing the final taper of the preparation. However, this was disproved by Pasqualini et al (31) , whose study concluded that PTN did not enlarge the canal more than the declared taper of the instrument. In the present study, OS and WOG resulted in lower volumes of dentin removed. These results might be explained by differences in the design of the instruments or the brushing motion used with PTN during shaping. Some authors consider both manual and rotary glide path techniques clinically reliable (18, 34) . B€ urklein and Sch€ afer (34) reviewed various studies and concluded that the centering ratio and canal transportation effects of GPP with KFs are not significantly exacerbated by shaping. However, in the present study, shaping outcomes were indeed affected by the GPP technique used. The results show significantly increased transportation at all levels when the rotary shaping systems were used after GPP with KFs. Similar results were found when the centering ratios were assessed at the coronal level. However, the results were more favorable after reciprocation with WOG after any 1 of the 3 GPP techniques.
Within the limitations of the present study, the following can be concluded. The reciprocating Primary WOG instrument manufactured from Gold wire in combination with PG exhibited favorable root canal shaping ability with regard to transportation and the volume of dentin removed during canal preparation. The rotary NiTi (OS) and M-Wire (PTN) instruments caused increased canal transportation after GPP with KFs. Shaping with PTN removed more dentin from the canal walls regardless of the preceding GPP technique used.
